. Although a revolution in the field of antimitotics. Paclitaxel and empty sites can be assembled in the absence of ligand its derivatives, the best known of which is docetaxel at high tubulin concentrations, the high affinity of the (a semisynthetic analog obtained from the precursor compounds makes it impossible to find conditions in baccatin III, which is obtained in large amounts from which the reaction is not completely displaced toward the leaves of the Mediterranean yew [Taxus baccata]), the end state, making it difficult to obtain an exact meahad at that time a unique mechanism of action among surement of the binding affinity of these compounds. the other microtubule-perturbing drugs. While the clas-A procedure to stabilize assembled microtubules has made it possible to obtain taxoid binding sites that can be diluted to concentrations low enough to directly mea-*Correspondence: fer@akilonia.cib.csic.es
Figure 1. Scheme of the Structures of Epothilone Analogs Employed in This Study, the Chemical Differences between Them, and the Effect of These Modifications in the Free Energy of Binding to Their Site in Microtubules at 35ЊC
sure the binding affinity of two fluorescent derivatives like mechanism. The ability of two natural epothilones (epothilone A and epothilone B) to induce the assembly of paclitaxel, Flutax-1 and Flutax-2 [34] , and to develop a competition method that has been employed to measure of GDP tubulin was tested. The inactive form of the protein (10 M GDP tubulin in PEDTA 4 GDP buffer) the binding affinity of compounds that bind to the paclitaxel site, such as baccatin III [35] , docetaxel and undergoes ligand-induced assembly in the presence of a 2-ethoxyestradiol analog (3,17␤-diacetoxy-2ethoxy-stoichiometric amounts of the ligand as it does in the 6oxo-B-homo-estra-1,3,5(10)-triene) [36] , epothilones A presence of paclitaxel. Electron microscopy controls and B and several analogs [30] , and paclitaxel [37], and were routinely performed on all assembled samples in also to distinguish them from compounds with similar order to confirm that the polymers were microtubules. effects, but which do not bind to the paclitaxel binding The stoichiometry of the binding was measured: 10 site, such as laulimalide [36] .
M solutions of GDP or GTP tubulin in PEDTA 4 GDP The purposes of this study were as follows: (1) to for GDP tubulin or PEDTA 4 GTP buffer for GTP tubulin determine the structure-affinity relationship of a group were incubated with increasing concentrations of epoof chemically modified epothilones (Figure 1 ) and to thilone A and epothilone B. The amount of ligand in the learn how to increase epothilone binding affinity, and microtubule pellet was found to be 1 mol per mol of (2) to determine the correlations between affinity, cytoassembled tubulin, independently of the nucleotide toxicity, and microtubule stabilization in order to facilibound (epothilone A, GDP tubulin 1.01 Ϯ 0.05, GTP tate the design of compounds with a higher activity in tubulin 0.99 Ϯ 0.08; epothilone B, GDP tubulin 1.05 Ϯ killing tumoral cells. 0.07, GTP tubulin 1.02 Ϯ 0.04). (All experimental notations in this manuscript are standard errors of the mean.) As for paclitaxel and docetaxel [32] , in these conditions, Results and Discussion assembly and binding of epothilone are linked; that is, every tubulin heterodimer assembled into microtubules
Mechanisms of Microtubule Stabilization has a molecule of epothilone bound (Figures 2A and 2B). by Epothilones
Unless an excess of ligand is present in the assembly The biochemical mechanisms of epothilone-induced tusolution, all the ligand is bound to the assembled tubulin, bulin assembly were studied first in order to confirm that the compounds stabilize microtubules with a paclitaxeland in the supernatant ligand is practically undetectable. The results above show that epothilones induce assembly in a paclitaxel-like way, assembly and binding being linked. This implies that in these experimental conditions the intrinsic binding cannot be isolated, which makes it extremely difficult to measure binding constants. Binding affinity of epothilones for microtubules seems to be high because free concentrations of ligand can only be detected at overstoichiometric ratios of ligand to tubulin. Experiments were run in which 5 M empty ligand sites assembled from GTP tubulin in GAB 1 mM GTP were incubated with epothilone. Essentially all the ligand was found bound to the microtubules, indicating a binding affinity higher than micromolar. Since at least micromolar concentrations of tubulin are needed to assemble microtubules, in these experimental conditions the reaction is fully displaced toward the bound state and binding constants cannot be measured.
Binding of Epothilone Analogs to Stabilized
Microtubules: Structure-Affinity Relationships . In this case, the enthalpic contribution is so highly unfavorable that the favorable entropic consuggest in explanation of these results that the increase in size of the group to which the methyl group is attached tribution is not enough to compensate for it.
Chemical Modifications of the Epoxy Group
places the methyl substituent in a better position for a hydrophobic interaction, leading to an entropy-driven Another modification examined is the transformation of the epoxy group of epothilone A into a cycloalkyl group. reaction. Any further modification of the methyl substituent of the pyridine ring results in loss of affinity due to A cyclopropyl group increases the binding affinity:
a large decrease of the entropy of binding. The change of the stereochemistry of C12 from S to kJ mol Ϫ1 . A further modification was the increase in size of the R has as well a weakly favorable entropic effect, so it may as well involve a modification of a hydrophobic cycloalkyl group by substituting the cyclopropyl group by a cyclobutyl, ⌬⌬G 35ЊC (5→15)ϭ ϩ4.1 kJ mol Ϫ1 . The interaction. The effect of the introduction of a methyl group at position C12 has opposite effects, depending decrease of binding affinity is due to an increase in the enthalpy of binding, which is not compensated by the on the stereochemistry. In the C12S configuration (the natural one), it has a favorable effect: ⌬⌬G 35ЊC (1→2) ϭ entropic benefit of the more hydrophobic group.
Introduction of a Methyl Group in C12
Ϫ8.1 kJ mol Ϫ1 , ⌬⌬G 35ЊC (4→20) ϭ Ϫ1.8 kJ mol Ϫ1 . If C12 is in the R configuration, the effect is favorable in the This modification occurs in the natural epothilone B, and it strongly favors binding in the natural epothilone entropic term and unfavorable in the enthalpy term; in this case, the gain in the entropic term can not compenwith C12 in S configuration (⌬⌬G 35ЊC (1→2) ϭ Ϫ8.1 kJ mol Ϫ1 ) with moderate benefits in both enthalpic and ensate the loss, resulting in a decrease of binding affinity. This is also observed in the case of the favorable modifitropic terms of the free energy change. The modification is also favorable (although not so strongly) in the other cation ⌬⌬G 35ЊC (4→20) ϭ Ϫ1.8 kJ mol Ϫ1 , with C12 in the S configuration and a cyclopropyl instead of epoxide, example studied (⌬⌬G 35ЊC (4→20) ϭ Ϫ1.8 kJ mol
Ϫ1
). The rest of the examples available in this study have this which is far less favorable than ⌬⌬G 35ЊC (1→2) ϭ Ϫ8.1 kJ mol
, favorable for both terms of the free energy. This carbon in the R configuration, and in all these cases the (compounds 2, 3, 4, 5, 7, 8, 9, 14, 15,  and 20) has a higher cytotoxicity/affinity ratio than the  second group of six compounds (compounds 6, 10, 11,  12, 13, and 19) , which include five of the six compounds containing the thiomethyl group. The first group of compounds have an IC 50 which is 2 to 3 times lower than their dissociation constants from stabilized microtubules (a difference that might be related to a similar difference between the binding affinities of stabilized microtubules and MAPs (microtubule associated proteins) containing microtubules for the fluorescent probe ligand employed [34, 37] . The second group of compounds have IC 50 s that are half of their Kd, so this group of compounds is around 5 times less effective (relative to their binding affinity) in killing tumor cells than the other group. It should be noted that all the compounds of this group have a highly favorable entropic contribution to the binding affinity.
The two natural compounds, epothilone A and epothilone B, which are the ones with the lowest enthalpy of binding (⌬H app ϭ Ϫ65 Ϯ 2 and Ϫ70 Ϯ 7 kJ mol Ϫ1 , respectively), are the ligands with the highest ratio between IC 50 and binding constant (IC 50 /K bin1 ϭ 11 and 5.3, respectively). This suggests that modifications that improve the favorable enthalpic component of binding would render analogs with increased cytotoxicity.
In summary, it can be said that the measurement of binding affinities is a useful tool for designing compounds with a larger cytotoxicity, since (1) favorable and unfavorable contributions to the binding of the different groups are accumulative, so new epothilone analogs 
tivity.
The binding constants of the reference ligand Flutax-2 were measured by centrifugation and fluorescence anisotropy at each temperature and buffer condition (Table 2; [34] and this work).
Experimental Procedures
The binding of Flutax-2 (reference ligand) in the presence of the competitor ligand ( x ϭ |Flutax-2| bound /|Sites|) is calculated from the Purified calf brain tubulin and chemicals were as described [32] . Epothilones A and B and the epothilone analogs were synthesized fluorescence anisotropy measurements as follows. Since the anisotropy is an additive property, the anisotropy of a given mixture is as described [ 
